Recent studies have described leukaemia stem cells (LSCs) as being central to the initiation, growth, and relapse of acute myelogenous leukaemia (AML). However, to date, very few small molecules have been shown to directly target this LSC population. The present study, for the first time, demonstrates that peperomin E (PepE), a naturally occurring secolignan, induces apoptosis in cultured AML and LSC-like cell lines, while sparing normal bone marrow stromal cells (hBMSCs). Furthermore, a series of eighteen amino derivatives was synthesised through a diastereoselective conjugate addition of several primary and secondary amines to the a-methylene-g-butyrolactone moiety of PepE to increase its water-solubility and anti-AML/LSC activity. The synthesised amino analogues were evaluated for in vitro cytotoxicity against AML cell lines (KG-1, HL-60, THP-1) and an LSC-like cell line (KG-1a CD34 + CD38 À ). Most of the secondary open-chain amine derivatives showed enhanced water solubility and high activities against AML/LSC cells. The most potent compound, 6, derived from N-methylethanolamine, exhibited exclusive cytotoxicity against KG-1a CD34 + CD38 À cells, with an IC 50 value of 0.5 AE 0.1 mM, which was 13-fold more potent than PepE. Moreover, compound 6 showed low toxicity against hBMSCs (inhibition of 11.2%
Introduction
Acute myelogenous leukaemia (AML) is the most common leukaemia, characterised by the clonal expansion of immature myeloblasts initiating from rare leukemic stem cells (LSCs).
1,2 As one of the most common types of lethal leukaemia, AML typically leads to death within weeks to months aer clinical presentation. Current chemotherapy for AML commonly uses drugs, such as nucleoside analogues (e.g., cytarabine) and anthracyclines (e.g., idarubicin), which interfere with DNA replication and induce apoptosis primarily in replicating cells. 3 Although remission can be achieved in most patients by standard chemotherapy, relapse is common and long-term survival is poor for most cases.
2 It has been reported that LSCs are refractory to standard chemotherapy and thereby contribute to relapse. However, there are few compounds that can selectively inhibit LSCs. 4 Therefore, novel therapeutic agents with selective activity against LSCs are urgently needed.
Peperomin E (PepE) is a naturally occurring secolignan, isolated from Peperomia dindygulensis (Piperaceae), a commonly used folk medicine to treat cancers in southern China.
5
Although PepE was rst to be extracted from nature plants, it can also be fully synthesized from phosphorylated cyclopropanes, which broadens its further study. 6 There has been increasing interest in this compound, due to its remarkable activity against multiple cancer cells in vitro and in vivo with low toxicity against normal cells.
7, 8 The presence of the a-methyleneg-butyrolactone moiety in this compound was reported to be essential for its antitumour properties. 7 The exo-methylene moiety is considered important because of its reactivity toward biological nucleophiles, especially the thiol groups of cysteines in target proteins, which act as Michael acceptors. 9 Recently, our laboratory discovered that PepE could exceptionally target and initiate apoptosis in AML cells (e.g., KG-1 cells) and AML stem cells (e.g., KG-1a CD34 + CD38 À cells), with high survival rates for normal bone marrow stromal cells (hBMSCs). Studies to elucidate the anti-AML mechanism of this promising agent are underway in our laboratory; however, preliminary experiments have suggested that NF-kB and DNA methyltransferases are the main targets of this compound (unpublished results). Although PepE has shown potent activity against AML, its naked a-methylene-g-butyrolactone substructure is unstable in both acidic and basic conditions and imparts poor water solubility and bioavailability; 10 these issues have limited its potential therapeutic use in humans. Converting the a-methylene-gbutyrolactone moiety to its prodrug with a masking group, such as a primary or secondary amine, effectively increases its stability, water solubility, and bioavailability, while maintaining or even enhancing its biological activity. [11] [12] [13] [14] [15] Amino adducts of a-methylene-g-butyrolactone have been previously prepared from sesquiterpene lactones, including helenalin, ambrosin, costunolide, alantolactone, and parthenolide (PTL). Among them, the dimethylamino analogue of PTL (DMAPT, Fig. 1 ) has advanced to a phase I clinical trial for evaluation as a treatment for AML.
11, [16] [17] [18] [19] [20] Therefore, the aim of the present study was to overcome the poor water solubility of PepE, while at least maintaining its activity, by derivatizing it with several primary and secondary amino compounds. These analogues were then converted into water-soluble organic/inorganic salts and assessed for their cytotoxicity against AML cells and LSCs. To the best of our knowledge, there is no published record available concerning the anti-AML or anti-LSC effects of PepE and its amino analogues.
Experimental

Chemistry
General methods. All commercial reagents and solvents were used without purication. All reactions were performed under a nitrogen atmosphere with dry solvents under anhydrous conditions. 1 H and 13 C NMR (1D and 2D) spectra were recorded with a 500 MHz ( 1 H NMR: 500 MHz, 13 C NMR: 125 MHz) Bruker spectrometer (Bruker, Germany) with tetramethylsilane (TMS) as the internal standard. Chemical shis are reported in ppm, multiplicities are indicated by s (singlet), d (doublet), t (triplet), q (quartet), and m (multiplet). NMR data are reported as follows: chemical shi, multiplicity, coupling constants, and integration. Reactions were monitored by thin-layer chromatography (TLC) on GF-254 silica gel plates (Tsingdao Silica Gel Corp., Tsingdao, China). Visualisation was achieved using UV light (254 nm). A silica gel column was used for ash column chromatography (300-400 mesh, Tsingdao Silica Gel Corp., Tsingdao, China). High-resolution electrospray ionisation mass spectrometry (HRMS-ESI) was measured using a 5600 time-ofight (TOF) system equipped with a TurboIonSpray™ source (Applied Biosystems, Foster City, USA) tested in positive ionisation mode. The electron-capture dissociation (ECD) spectra of each compound were recorded in methanol solution by the Jasco J-810 detector (Jasco Corp., USA). Infrared (IR) spectra were recorded on a ThermoNicolet IR-100 spectrometer with NaCl plates as a thin lm dispersed from CH 2 Cl 2 and are reported in wavenumbers (cm À1 ).
General synthesis procedure for compounds 2-19. To a stirred solution of PepE (0.2 mmol) and triethylamine (0.6 mmol) in methanol (4 mL) the indicated amino compound (0.2 mmol) was added. The reaction mixture was stirred at ambient temperature for 18 h. Aer completion of the reaction (monitored by TLC), the reaction mixture was concentrated under reduced pressure to afford the crude compound. Water (10 mL) was added to the crude compound, and the solution was extracted with dichloromethane (2 Â 10 mL). The organic layer was dried over Na 2 SO 4 , concentrated, and then puried by ash column chromatography [hexane : EtOAc ¼ 3 : 1 to 1 : 1] to yield the desired compounds 2-19. Purity of the compounds was established by HPLC analysis, conrming a purity $95%. The characterisation data for these compounds are listed below.
(2S,3S)-6-Dimethylamino-2,6-dihydropeperomin E (2 General phosphate adducts formation procedure. To a ask containing a chloroformic solution (0.1 M) of above amino derivative was added 1 equivalent of phosphate acid. Almost immediately, a white-colored precipitate formed, and the reaction mixture was stirred for an additional 60 min. The precipitated salt was ltered and dried in vacuo to furnish the phosphate salt.
Computational methods for determining the absolute congurations. Conformational analysis was initially performed using Confab 21 at Merck Molecular Force Field 94 (MMFF94) for all congurations of the amino-analogues. Room-temperature equilibrium populations were calculated, according to the Boltzmann distribution law (eqn (1)). The conformers with Boltzmann populations of over 1% were chosen for ECD calculations.
where N i is the number of conformer i with energy E i and degeneracy g i at temperature T, and k B is the Boltzmann constant. The theoretical calculation was performed using Gaussian 09 (Revision D.01. Gaussian Inc. Wallingford CT, USA). First, the chosen conformer was optimized at 6-31g* using the HartreeFock method, and then optimized at B3LYP/6-311G** in methanol using the polarizable continuum model (PCM). The theoretical calculation of ECD was conducted in methanol using time-dependent density functional theory (TD-DFT) at the same theory level. Rotatory strengths for a total of 30 excited states were calculated. The ECD spectrum was simulated in SpecDis 22 by overlapping Gaussian functions for each transition, according to (eqn (2)):
where s represents the width of the band at 1/e height, and DE i and R i are the excitation energies and rotatory strengths for transition i, respectively. The parameters of s and UV-shi for each conguration are listed in Table S3 . †
Biological assay
Cell culture. HL-60, KG-1, and THP-1 cells were purchased from KeyGen Biotechnology (Nanjing, Jiangsu, China). KG-1a and hBMSCs were purchased from BeNa Culture Collection Biotechnology (Suzhou, Jiangsu, China). All cells were grown in complete medium, consisting of 90% RPMI 1640 medium (Hyclone, GE, USA) and 10% foetal bovine serum (Gibco, Invitrogen, USA), supplemented with 100 U mL À1 penicillin and 100 The absorbance at 450 nm was nally measured with a microplate reader (Thermo Scientic, Massachusetts, USA). Apoptosis assay. Cell apoptosis was assessed using an annexin V-FITC/PI (propidium iodide) double-staining cell apoptosis detection kit (KeyGen Tech., Nanjing, China). The enriched KG-1a CD34 + CD38 À cells were seeded into 6-well tissue culture dishes at 1 Â 10 6 cells per well and treated with PepE or its derivative 6 at 1 and 5 mM. Aer incubation at 37 C for 48 h, the cells were collected and diluted to 10 6 cells per mL well with 1Â binding buffer. Five microliters of annexin V-FITC and 5 mL PI reagents were added to the drug-treated cells and allowed to stain in the dark for 15 min for the determination of early and late apoptosis. The cells were detected according to the manufacturer's instructions using the BD Accuri™ C6 ow cytometer (BD Biosciences).
Results and discussion
Chemistry
In this manuscript, we report the synthesis of a series of PepE analogues derived from open chain secondary aliphatic (2-7), cyclic secondary aliphatic (8) (9) (10) (11) (12) , and several open chain or arylalkyl primary (13) (14) (15) (16) (17) (18) (19) amines. The choice of amines was based on the results recently reported in studies on PTL derivatives. 16, 18 The synthesis of PepE derivatives 2-19 was carried out using the procedures outlined in Scheme 1.
PepE was obtained from the CH 2 Cl 2 extract of whole P. dindygulensis plants, according to methodology described previously. a combination of spectroscopic methods, including infrared spectroscopy, NMR, and high-resolution mass spectrometry.
To obtain a library of water-soluble PepE analogues, 0.2 mM of PepE in methanol was treated with one equivalent of an appropriate primary or secondary amine, using trimethylamine as a catalyst at room temperature (15-20 C) , which led to a signicant consumption of PepE within 8 h. The reaction product was puried by ash column chromatography. A good yield (65-92%) of product was obtained, but unreacted PepE persisted even aer prolonged reaction time, addition of excess amine, or increased temperature. The amino PepE analogues thus obtained (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) were then converted into water-soluble salts, thereby increasing their water solubility. Multiple inorganic/organic acid were tested for salt formation including fumarate acid, citric acid, sulphate acid, phosphate acid and hydrochloride acid. The phosphate salts have the best crystallinity, and relatively low hygroscopic properties, therefore selected it as the salt-forming acid. NMR was also apparent, indicating that amination at C-6 of the exocyclic double bond had occurred by Michael-addition reactions. The newly formed C-2 chiral carbon was found to be highly stereospecic based on the nuclear Overhauser effect spectroscopy (NOESY) spectrum. The cross-peaks of H-6/H-3 and H-2/H-5, as well as the absence of NOESY correlation between H-6 and H-5 ( Fig. 2) , indicated a trans conguration at the g-butyrolactone ring of the synthesised products. Thus, there were only two possible absolute congurations of the gbutyrolactone ring (Fig. 3) , namely (2S,3S) or (2R,3R). The structures of the synthesised products were elucidated by NMR, ultraviolet spectroscopy, and mass spectrometry data; all NMR Scheme 1 Synthesis of 18 peperomin E amino-analogs. Fig. 2 The key NOE correlations of compound 6. signals were accordingly assigned based on heteronuclear multiple bond correlation (HMBC) and heteronuclear singlequantum correlation (HSQC) experiments (see Experimental sections). Our repeated attempts to obtain suitable crystals for X-ray diffraction were unsuccessful, and so the absolute congura-tions of the g-butyrolactone ring of the analogues were established by comparing the experimental and theoretical electronic circular dichroism (ECD) spectra predicted using the time-dependent density functional theory (TDDFT) at the B3LYP/6-311G** level. Take compound 6 for instance, the energies and populations of all dominative conformers of 6 are provided in Table S1 . † The energies of the all conformers of 6 optimized at B3LYP/6-311G** in methanol are provided in Fig. 4 and Table S2 . † The ECD spectrum of 6 showed intense positive Cotton effects at 220 and 280 nm, as well as weakly negative Cotton effects at 254 nm, which were similar to those of reported peperomin B. 22, 23 This indicated that 6 might share the same conguration as peperomin B, which is (2S,3S). 24 Moreover, the overall pattern of the simulated ECD spectrum for the (2S,3S) stereoisomer was in good agreement with the measured spectrum of 6 (Fig. 5 , the parameters of s and UVshi for each conguration are listed in Table S3 †) . Therefore, the absolute conguration of 6 was unambiguously assigned as 2S,3S. In addition, we have conrmed the (2S,3S) conguration in many of our synthesised products by comparing the experimental and calculated ECD spectra.
The exclusive formation of the 2S conguration in the gbutyrolactone ring, according to the literature, is due to the protonation of the enolate formed during Michael addition, which occurs exclusively from the exo face of the g-butyrolactone ring, resulting in an S conguration at C-2 in the product. 16 
Biological activity
To evaluate the anti-AML activity of PepE and its amino analogues, all of the synthesised compounds were tested against cultured cell lines, including KG-1 (acute myelogenous leukaemia), HL-60 (acute promyelocytic leukaemia), THP-1 (acute monocytic leukaemia), and KG-1a (acute myelogenous leukaemia), using PTL (a drug that selectively ablates acute leukaemia stem cells and has advanced to a phase I clinical trial for treatment of AML Eighteen amino analogues were then studied with a CCK-8 cytotoxicity assay against the KG-1, HL-60, THP-1, and KG-1a CD34 + CD38 À cell lines. Preliminary cytotoxic screening of the analogues was performed at 10 mM. The analogues that exhibited greater than 50% growth inhibition at 10 mM were further assayed at varying concentrations to generate the IC 50 values shown in Table 1 . It is evident from Table 1 that the parent molecule, PepE, exhibited similar cytotoxicity against AML and LSC cells as the positive control, PTL, did, while its toxicity at 50 mM against hBMSCs was half that of PTL. It is also evident from Table 1 that several of the amino-PepE products exhibited increased cytotoxicity toward AML and LSC cells compared to that of the parent molecule, while others showed decreased activity. The structure and activity relationship (SAR) of these synthetic derivatives is discussed below. The open-chain secondary aliphatic amine series (2-5, 7) was found to be nearly as active as was the parent molecule, PepE. However, compound 6, with a hydroxyl group replacing the 10-methyl group of compound 5, was the exception. The cytotoxicity of compound 6 (IC 50 ¼ 0.5 mM) signicantly improved up to 13-fold compared to that of the parent molecule against KG-1a
CD34
+ CD38 À cells, while there was little effect on the viability of normal hBMSCs (inhibition rate of 11.2% at 50 mM). The toxicity level against AML cells of the cyclic aliphatic amine series (8) (9) (10) (11) , in contrast, was signicantly decreased when compared with that of the parent molecule. However, replacing the 3-methyl piperidine moiety in compound 11 with a 3-hydroxymethyl piperidine moiety to form compound 12 increased the cytotoxicity against HL-60 and KG-1a CD34 + CD38 À cells (IC 50 ¼ 2.4 and 3.3 mM, respectively) up to 2-fold compared to that of PepE and >3-fold compared to that of compound 11; the safety level of compound 12 was approximately the same as that of PepE (13.4% at 50 mM). The primary amine series (13) (14) (15) (16) (17) (18) (19) was generally less active against AML cells when compared with that of the parent molecule and the secondary amine series; some analogues (13, 14) displayed low growth inhibition at the preliminary screening concentration. However, introduction of tyramine (18) or its hydroxyl derivatives (19) into the PepE structure resulted in a signicant increase in cytotoxicity against HL-60 cells (IC 50 ¼ 2.0 and 1.6 mM, respectively), increasing cytotoxicity up to 2-fold compared to that of the parent molecule.
In summary, 18 amino-PepE products were synthesised and evaluated for anti-leukaemic activity against AML cell lines in culture. The phosphate salts of all the synthesised compounds were more water soluble than PepE was, especially compound 6, which exhibited 1000-fold greater water-solubility than did PepE. A range of anti-leukaemic activities was observed, with several products exhibiting enhanced activities compared to that of PepE.
Compound 6 was the most potent compound of all synthesised amino analogues, especially against the immature AML stem cells, KG-1a CD34 + CD38 À , inducing 80-90% cell death at 10 mM, and affording an IC 50 value of 0.5 mM with little effect on hBMSCs. Therefore, the mechanism of action of compound 6 was further explored in preliminary experiments. Apoptosis was analysed by ow cytometric assay. The percentages of apoptotic cells were 18.7% and 75.1% in the KG-1a CD34 + CD38 À cells aer treatment with 1 mM and 5 mM, respectively, and were signicantly higher than those of the parent molecule (Fig. 6 ). This result indicated that 6 can signicantly induce apoptosis of leukaemia stem cells. As reported by many clinicians, the CD34 + CD38 À AML cell subpopulation is frequently impervious to conventional chemotherapy, making it largely responsible for relapse of AML. Therefore, targeting and eliminating these cells has been proposed as a promising strategy for treatment of AML to decrease the rate of relapse or drug-resistance. 2 However, small molecules that can selectively target LSCs are rare and still at early stages of development. As reported in this manuscript, compound 6 may be considered as a new lead compound to eliminate these AML stem cells. Further pharmacological and pharmacokinetic evaluation of this compound is underway.
Conclusions
In conclusion, for the rst time, we have reported a newly found naturally occurring agent, PepE, which targets leukaemia stem cells. A series of 18 novel amino-derivatives of PepE was then synthesised and evaluated for anti-AML and anti-LSC activity. All of the compounds showed higher water solubility than the parent molecule. More importantly, this study found that one of the amino derivatives, compound 6, was more potent than was the parent drug, PepE, against the LSC-like cells (KG-1a CD34 + CD38 À ), with no apparent toxicity on hBMSCs.
According to the above results, the following SAR of the PepE amino derivatives can be formulated: (1) the secondary openchain aliphatic amino analogues generally exhibited better activity than the cyclic aliphatic and primary amino analogues did; and (2) introducing a hydroxyl group at the methyl group of the secondary open-chain amine adduct could signicantly potentiate the activity against AML stem cells, and result in the most active compound 6. Based on the above results, further optimization and biological evaluation of 6 as a promising agent targeting LSC are ongoing in our laboratory, and the results will be reported shortly.
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